A quantitative in situ characterization of the impact of surface roughness on wettability in porous media is currently lacking. We use reservoir condition micrometer-resolution X-ray tomography combined with automated methods for the measurement of contact angle, interfacial curvature, and surface roughness to examine fluid/fluid and fluid/solid interfaces inside a porous material. We study oil and water in the pore space of limestone from a giant producing oilfield, acquiring millions of measurements of curvature and contact angle on three millimeter-sized samples. We identify a distinct wetting state with a broad distribution of contact angle at the submillimeter scale with a mix of water-wet and water-repellent regions. Importantly, this state allows both fluid phases to flow simultaneously over a wide range of saturation. We establish that, in media that are largely water wet, the interfacial curvature does not depend on solid surface roughness, quantified as the local deviation from a plane. However, where there has been a significant wettability alteration, rougher surfaces are associated with lower contact angles and higher interfacial curvature. The variation of both contact angle and interfacial curvature increases with the local degree of roughness. We hypothesize that this mixed wettability may also be seen in biological systems to facilitate the simultaneous flow of water and gases; furthermore, wettability-altering agents could be used in both geological systems and material science to design a mixed-wetting state with optimal process performance.
D
etermining how carbon dioxide can be stored securely in underground aquifers, quantifying the rate at which oil and gas are recovered from hydrocarbon reservoirs and shale, the performance of fuel cells and catalysts, the efficiency of gas exchange in leaves and lungs, how well fabrics resist or soak up water, and the design of water-repellent surfaces all crucially depend on wettability: how fluid phases interact with solid surfaces within porous structures. From a fundamental point of view, it is still unknown how wettability controls the fluid configurations in porous materials and what drives the formation of fluid layers leading to either enhanced or impeded flow and transport (1) (2) (3) (4) (5) (6) .
The interaction of fluids with a rough surface is traditionally described using the model of Wenzel (7) or the theory of Cassie and Baxter (8) , which are used to calculate a single effective contact angle on a rough surface (9, 10) . This approach has been used to interpret the transition from water-wet (WW) to waterrepelling conditions in human skin, leaves, insect wings, feathers, and manufactured surfaces for instance (2, 3, 11, 12) . However, this work deals with external surfaces and does not quantify the typical wetting states within a material and the relationship with surface roughness: for example, what are the contact angles and fluid arrangements inside a leaf, lung tissue, or rocks, and how do they affect fluid flow?
In porous rocks, where portions of the solid surface have undergone a wettability alteration caused by the direct contact of surface-active components with the solid (13) , it has been suggested that separated WW and oil-wet (OW) regions of the pore space are present (14, 15) , and this has been observed directly using atomic force microscopy in chalk (16) . The advent of high-resolution X-ray microtomography has made it possible to image the rock and fluids within the pore space at micrometer resolution (for instance, refs. 17 and 18) and from this, to determine contact angles directly at the high temperatures and pressures representative of deep underground reservoirs (18) (19) (20) (21) . The behavior is somewhat different from the theory: a wide distribution of contact angle is seen, even in mineralogically homogeneous rocks (22) . Contact angle values both above and below 90
• are observed, with local variations over a pore scale of around 100 µm (23), allowing both oil and water to remain connected in wetting layers that can flow over a wide range of saturation, which is favorable for oil recovery (15, 22) (Fig. 1) . Fluid/fluid interfacial curvature from which a local capillary pressure can be derived has also been measured, but the values have not been related to surface roughness and pore size (24, 25) . The range of observed contact angles is likely to be a result of the roughness of the rock surfaces. However, methods to quantify roughness have been concerned with the external surfaces of objects and are not directly applicable to porous materials (26) (27) (28) (29) . We quantify surface roughness and find its relationship with
Significance
In many important processes that control CO 2 storage in aquifers, oil recovery, and gas exchange in leaves, for instance, flow is controlled by the interaction of immiscible fluids with a rough surface. We use micrometer-resolution X-ray imaging to look inside millimeter-sized porous structures, obtaining millions of measurements of contact angle and interfacial curvature. We quantify the relationship between surface roughness and wettability. Rougher surfaces are associated with lower contact angles and higher interfacial curvatures. We identify a distinct mixed-wet state where two fluid phases remain connected over a wide range of saturation. This state can be designed to improve oil recovery or the performance of fuel cells, catalysts, and other porous materials. Fig. 1 . A schematic of wettability and length scales in porous media flows. Right shows images of oil retained within the pore space of WW and OW samples. The curvature of the oil/brine interface is indicated by the colors, while the solid surface in contact with brine is shown in gray. In a WW rock, the oil is trapped in quasispherical ganglia with contact angles less than 90
• . For an OW rock, oil is retained in layers that follow the surface roughness with both positive and negative values of the curvature κ. This allows the oil to flow to low saturation, facilitating recovery at the kilometer scale (Left). Center shows how the samples are selected from centimeter-scale cores extracted from a reservoir.
local values of contact angle and fluid/fluid curvature measured on pore space images (30) . We then discuss the implications that our findings have for oil recovery, carbon dioxide storage, and other processes.
Distributions of Contact Angle, Curvature, and Roughness
We image oil and brine in the pore space of three rock samples after water flooding. The methods for obtaining contact angle, curvature, and surface roughness are shown in Fig. 2 (Materials and Methods has more details) and applied to find a total of 54.2 million in situ measurements. In what follows, we will look for relationships between these quantities on a point-by-point basis and between their pore averages. We will find a relationship between surface roughness, contact angle, and interfacial curvature as well as between the variation in contact angle and interfacial curvature within a pore and the average roughness.
In the experiments, we waited for 2 h after the end of water flooding before imaging the fluid distribution. We assume that the contact angles and interfacial curvature are constant and represent equilibrium conditions. However, it is possible that the fluids are still moving, albeit slowly (5, (31) (32) (33) . In any event, in what follows, we show how the interfacial curvature and contact angle are related to surface roughness. Fig. 3 A and B shows the wide range of the measured distributions of contact angle and interfacial curvature for the three samples studied. The average contact angles are 76
• , 93
• , and 103
• : the differences are caused by exposing the samples to different crude oils at different temperatures (22) (SI Appendix). We will label the three samples WW, mixed-wet (MW), and OW in what follows. On flat calcite surfaces, using the same fluids, the measured contact angles were 76
• , 130
• , and 141
• . For the MW and OW samples, the in situ angles were, on average, lower than those measured on a flat surface, indicating that surface roughness tends to reduce the apparent oil wetness of the rock. The distributions of both contact angle and interfacial curvature are widest for the MW and OW samples and sharpest for the WW case.
The accuracy of the contact angle and curvature measurements was tested in refs. 30 and 23, respectively, using synthetic images with different resolutions of known curvature and contact angle. We are able to estimate contact angle to within 3
• and curvature with an error less than 9% when the sphere is two or more voxels across, which indicates that, with a 2-µm voxel size, we can accurately capture curvatures as high as 0.5 µm respectively: the MW condition with contact angles broadly distributed above and below 90
• gives the most favorable recovery. This is a direct consequence of the mixed-wettability state that enhances oil connectivity and allows flow of both oil and water over a wide range of saturation.
In Fig. 3C , we plot the distribution of roughness quantified by the area-weighted absolute value of the solid surface curvature (Eq. 1) (Materials and Methods), with magnitude that indicates the deviation of the surface from a plane measured at the scale of a single voxel 2 µm across. The roughness is measured in pores where oil is present: we see slightly higher roughness values for the OW case, since the oil resides in small pores with high surface curvatures (SI Appendix, Fig. S3 A-C) .
In Fig. 3 D and E, we show the variation of contact angle and interfacial curvature using the calculated standard deviation (SD) in each pore. Also, in Fig. 3F , we show the pore-averaged mode value of roughness to represent a typical value in a pore. Pores are defined using a generalized network extraction algorithm (34) (Materials and Methods). Within each pore, we observe a wide distribution of contact angle and interfacial curvature. The exception is the WW case, which has a relatively narrow SD of contact angle (Fig. 3D) and to a lesser extent, curvature (Fig. 3E) . In a WW rock, the oil resides in quasispherical trapped ganglia (Fig. 1) that have an approximately constant curvature. In contrast, in the MW and OW samples, a pore may contain several separate layers that tend to follow the surface roughness, and we observe larger values of the SD and of curvature and contact angle. The surface roughness varies from pore to pore (Fig. 3F) . Now, we will study the relationship between roughness, curvature, and contact angle.
Correlation of Contact Angles, Curvatures, and Roughness Fig. 4 shows the point-by-point correlation between surface roughness and both contact angle and interfacial curvature as a function of the distance between the measurements (Eq. 5). With a complex pore geometry and fluid arrangement in a natural system, we do not expect to have an exact relationship between the variables; nevertheless, the following trends are clear. Fig. 4 A-C shows that the local surface roughness varies spatially with a correlation length that is around a pore size: we see variations of roughness both within and between pores (Fig. 3F ). This correlation is also seen for contact angle and interfacial curvature (SI Appendix, Fig. S2 ).
For the MW and OW cases, the roughness is anticorrelated with contact angle (Fig. 4 E and F) , meaning that rougher surfaces are associated with lower values of the contact angle. This explains two hitherto unobserved features of wettability, namely that the average contact angle is lower than that measured on a flat calcite surface at the same conditions and with the same fluids and why there is a wide range of contact angle. Water collects in grooves, invaginations, and other high-curvature portions of the surface (Fig. 1) . The effective angle for a displacement is a combination of advance over this water in corners (with a zero angle) and over altered wettability surfaces where oil has contacted the solid directly. The result is-on average-lower contact angles, albeit with a large variation-with a greater shift toward more WW conditions associated with rougher surfaces that are able to retain more water after primary drainage. For the WW sample (Fig.  4D) , the correlation is weaker, since the wettability alteration is less significant. For interfacial curvature (Fig. 4 G-I) , we see a positive correlation in that more roughness, associated with slightly more WW conditions, is associated with larger curvatures.
In Fig. 5 , we study on a pore-by-pore basis the correlation (ρ) between the SD of contact angle, oil/brine interfacial curvature, and roughness as a function of pore diameter: each point is calculated for a pore diameter interval of 10 µm (Eq. 6). ρ= 1 indicates a strong correlation, while 0 is no correlation. We see a correlation between the variation of contact angle and roughness (Fig. 5 A-C) that is more evident in the larger pores, where more measurements can be taken (Fig. 5 D-F) and for which the roughness is unrelated to pore size (SI Appendix, Fig.  S3 A-C) . On a rough surface, the effective angle, measured at the resolution of the image, may differ significantly from the intrinsic local angle at the molecular scale. We suggest that, for rougher surfaces, we see a greater range of contact angle, since there are more deviations from the average than would be seen on a smooth surface; in addition, this variation is caused by the retention of water in crevices in the pore space, with lower average contact angles seen for rougher surfaces (Fig. 4 D-F ). The WW sample shows little or no correlation between curvature and roughness (Fig. 5G) . The reason for this is that the oil tends to reside as quasispherical droplets in the larger pores (Fig. 1) as previously discussed, with an overall positive oil/brine interface curvature indicative of the capillary pressure at which the oil ganglion was trapped. For the MW and OW samples, oil layers form that coat portions of the solid surface; a rough surface experiences a wide variation in local curvature, and hence, we see a relationship between the variation of oil/brine interface curvature and surface roughness (Fig. 5 H and I) . This effect is again more evident in the larger pores, where a more representative fraction of the surface is covered with oil ( Fig. 5 K and L) . Note that it is wrong to associate an OW rock surface with a negative oil/brine interfacial curvature in a pore: consider an OW drop on a surface surrounded by water-the drop has a positive curvature even when the contact angle is greater than 90
• .
Conclusions and Outlook
In WW media with little wettability alteration on contact with crude oil, the interfacial curvature is approximately constant and positive. The nonwetting phase (oil in this case) is trapped as quasispherical ganglia in the larger pore spaces. This is optimal for storage applications, such as carbon dioxide sequestration, where it is desirable to trap one phase in the pore space to prevent migration and escape. However, this is not ideal for oil recovery or other processes, such as gas transport through membranes or in biological tissues for instance, where it is necessary to allow the flow of both fluids.
In rocks with an altered wettability, we observe oil layers that tend to follow the local curvature of the surface. The range of the distribution of contact angle and curvature increases with the degree of roughness, with the correlation more obvious in larger pores and for a stronger wettability change. The contact angle tends to be lower on rougher surfaces due to the accumulation of water in crevices, which makes the surface effectively less oil wetting. We have an MW state with a wide range of local contact angles both above and below 90
• . This facilitates the flow of both phases, which is favorable for oil recovery (22) . It is wellunderstood that, using surfactants or changing the brine salinity, oil recovery can be improved through changing the wettability (35, 36) . However, we suggest that an MW state is ideal, which contrasts with the current assumption that moving toward a more uniformly WW state is preferred (37) .
We hypothesize that, in other porous materials, where it is desirable to allow both a liquid phase and a gas phase to flow over a wide range of saturation, the combination of wettability alteration and rough surfaces leads to an MW state, where roughness drives a naturally water-repellent surface to have a range of Fig. 5 . Relationship between the variation in contact angle, interfacial curvature, and surface roughness using Eq. 6. The calculated correlation (ρ) of pore-averaged curvature-based roughness (Ra) with measured contact angle (A-C) and oil/brine interface curvature variation (G-I) is shown as a function of pore diameter. Where ρ= 1, the two variables are strongly correlated. Also shown in D-F and J-L is the number of data points considered for each pore size: most of the data comes from the larger pores. Std. indicates SD.
effective contact angle. This could be tested, for instance, in leaves, lung tissue, and multiphase catalysts using the image and analysis methodology proposed here. Furthermore, such a wettability state could be designed to improve the performance of fuel cells (38) , catalysts, membranes, and other porous materials.
Materials and Methods
Experiments. The experiments were conducted on three rock samples of 4.8 mm in diameter and a length between 13 and 16 mm from a giant multibillion barrel carbonate oil reservoir in the Middle East, which is mainly composed of calcite (96.5 ± 1.9 wt %). The experimental procedure follows the same protocols described in ref. 22 , to which the reader is referred for additional details. The experimental workflow is as follows. i) CO 2 was injected into the clean and dry samples to displace air followed by brine injection to fully saturate the rock. ii) Subsurface conditions were established (60
• C or 80
• C and 10 MPa), and primary drainage (crude oil injection) was performed followed by aging over 3 weeks to restore rock wettability. iii) During brine injection, the flow was reversed, and 20 pore volumes of brine was injected at a low flow rate of 15 µL/min, corresponding to a capillary number of 6 × 10 −7 for the WW and OW samples and 3 × 10
for the MW sample. Fluids were allowed to reach equilibrium for 2 h before acquiring high-resolution (2 µm per voxel) scans.
All images were acquired using the Xradia VersaXRM-500 X-ray microscope; the images were segmented into three phases (oil, brine, rock) from the raw micro-CT image using a machine learning-based image segmentation known as Trainable WEKA Segmentation (39) . The size of the segmented images in voxels is 435 × 10 6 for all samples for a part of the rock samples with a diameter of 1.9 mm and a length of 1.2 mm (volume of approximately 3.4 mm 3 ). We calculated oil saturation values directly from the image by summing the number of voxels belonging to the oil phase and dividing by the void space, which is represented by the total number of voxels containing both brine and oil phases.
Rock Surface Roughness. We generate a mesh to represent the rock surface; for this, we define the vertex area for each point i identified on the surface (A i ). Then, we apply a volume-preserving curvature smoothing, which removes the voxelized artifacts from the segmented image: we measure the curvature, κ, for each vertex (30) (Fig. 2) . We estimate the surface roughness for each vertex (Ra i ) as
where κ j and A j are the computed curvature and area of the nearest neighbor vertices (j) on the rock surface, respectively, and N is the number of nearest neighbor vertices. Note that we use the modulus of the curvature, so that Ra is always positive and has units of length. Surface roughness was only measured in pores that contained oil.
Contact Angle and Fluid/Fluid Interfacial Curvature. The calculation of contact angle and interfacial curvature is described in ref. 30 , to which the reader is referred for additional details (Fig. 2) .
Associating Roughness, Fluid/Fluid Curvature, and Contact Angle Measurements on a Pore-by-Pore Basis. A generalized pore network model (34) generated a partitioning of the void space, allowing the measurements to be linked to specific pores. A pore center is a local maximum in the distance map-the distance from any point in the void space to the nearest solid surface. The region of the void space where the distance map increases toward a particular pore center is assigned to that pore. Similarly, all roughness, curvature, and contact angle values can be assigned a pore label. The WW, MW, and OW samples had 4,719, 5,643, and 8,858 pores, respectively, of which 1,092, 2,930, and 5,322 contained three-phase contact points.
Correlation Functions. We consider two variables x and y that are measured at discrete points i and j: x is the solid surface roughness defined as x i = R ai (Eq. 1), while y is the contact angle, the fluid/fluid interfacial curvature, or the roughness itself.
We define dimensionless variablesx i andỹ i :
wherex is the average value of x measured over the entire distribution
and Nx is the total number of values of x.ỹ i is defined in a similar manner. σx is the SD
[4]
Then, we define a correlation ξ(r) as ξ(r) =
Ny j=1
Nx i=1
Ny j=1
where I ij is an indicator function: if r ij is the distance between the locations i and j where x and y are measured, then I ij = 1 if r + > r ij > r − and 0 otherwise, where = 1 µm here. A value ξ = 1 represents no correlation and is expected for r → ∞ and for variables that have no relationship with each other. ξ = 0 is a perfect correlation and would be seen at r = 0 if x and y were the same variable; ξ > 1 represents an anticorrelation. The value at r = 0 where x and y represent different quantities is a measure of how well they are related at the same location.
We also define the correlations between pore-averaged values:
where now the indicator function labels a pore with a diameter of a particular bin size, d. The sums are over the number of pores Np, whilex i andỹ i represent pore-averaged values of the variation in contact angle or curvature and surface roughness, respectively. Here, ρ = 0 indicates no correlation, while ρ = 1 represents perfectly correlated variables.
